The renal diseases most frequently associated with myeloma include amyloidosis, monoclonal immunoglobulin deposition disease, and cast nephropathy. Less frequently reported is light chain proximal tubulopathy, a disease characterized by j-restricted crystal deposits in the proximal tubule cytoplasm. Light chain proximal tubulopathy without crystal deposition is only loosely related to the typical light chain proximal tubulopathy, and little is known about this entity. A search was performed of the 10 081 native kidney biopsy samples processed by our laboratory over the past 2 years for cases that had light chain restriction limited to the proximal tubule cytoplasm. A total of 10 cases of light chain proximal tubulopathy without crystal deposition were found representing 3.1% of light chain-related diseases. Nine of these 10 showed k-light chain restriction. Only three cases of light chain proximal tubulopathy with crystals were found accounting for 0.9% of light chain-related diseases. Two of these three were j subtype. Plasma cell dyscrasia was unsuspected in seven of the 10 patients with light chain proximal tubulopathy without crystals at the time of renal biopsy. After the biopsy was reported, follow-up was available on 9/10 patients with 9/9 showing a plasma cell dyscrasia including 8/9 with multiple myeloma. We found that light chain proximal tubulopathy without crystal formation, despite being rarely described in the literature, is over three times more common than light chain proximal tubulopathy with crystal formation in our series. And given that it is often associated with previously unrecognized myeloma, it is a critically important diagnosis.
Kidney disease is a common manifestation of multiple myeloma with almost one half of all patients showing some degree of renal failure at presentation. Renal involvement is a poor prognostic indicator and is the second leading cause of death in myeloma after infection. [1] [2] [3] The characteristic renal abnormalities in myeloma result from the production of a paraprotein by the clonal plasma cells. The most common of these paraproteinemicrelated renal diseases include amyloidosis, light chain cast nephropathy, and light chain deposition disease.
Light chain proximal tubulopathy is an uncommonly reported paraproteinemic-related renal disease described in case reports or small case series. The classic description is the presence of k-restricted crystal deposits in the proximal tubular cytoplasm. These patients frequently present with Fanconi syndrome in the setting of smoldering myeloma. 4 Occasionally, cases are seen with light chain restriction in the proximal tubules that have no evidence of crystal formation in the proximal tubular cytoplasm. These cases of light chain proximal tubulopathy without crystal deposition are only loosely related to the typical light chain proximal tubulopathy. Little is known about this entity as only three cases have previously been reported 5 compared with over 50 cases of light chain proximal tubulopathy with crystals. The aim of this study was to determine the relative frequency and significance of kidney biopsies involved by isolated light chain proximal tubulopathy without intra-cytoplasmic crystals in a single large referral center.
Materials and methods
We searched the biopsy files of our laboratory going back 2 years for cases with evidence of light chain restriction within the proximal tubular cytoplasm with no other evidence of paraproteinemic-related renal disease. Specifically, cases were excluded that showed evidence of concurrent amyloidosis, light chain deposition disease, and light chain cast nephropathy. All cases were processed by light, immunofluorescence, and electron microscopy using routine techniques briefly described below.
Light Microscopy
Briefly, kidney biopsy samples were fixed in buffered formalin, dehydrated in graded alcohols, and embedded in paraffin using standard techniques. Serial 3-mm thick sections were cut and treated with hematoxylin and eosin, Jones methenamine silver, Masson trichrome, and periodic acid-Schiff reagent. In addition, congo red staining was performed in each case on 5-mm thick sections.
Immunofluorescence Microscopy
Samples were transported in Michel's media, washed in buffer, and frozen in a cryostat. Sections, cut at 5 mm, were rinsed in buffer and reacted with fluorescein-tagged polyclonal rabbit anti-human antibodies to IgG, IgA, IgM, C3, C4, C1q, fibrinogen, and k-, and l-light chains (all from Dako, Carpenteria, CA, USA) for 1 h, rinsed, and a coverslip applied using aqueous mounting media.
Electron Microscopy
The ends of the renal biopsy specimen were removed as 1 mm cubes, dehydrated using graded alcohols and embedded in epon/araldite resin. Sections 1-mm thick were cut using an ultramicrotome, stained with toluidine blue and examined with a light microscope. Thin sections were examined in a Jeol JEM-1011 electron microscope (Jeol, Tokyo, Japan). Photomicrographs were routinely taken at Â 5000, Â 12 000, and Â 20 000 magnifications.
The morphological features were detailed in each case by four renal pathologists (AH, CL, NM, and YW). The pathologists were blinded to the patient's clinical history at the time of evaluation. Special emphasis was given to the proximal tubular findings during this evaluation.
Results
Among the 10 081 native kidney biopsies processed in our laboratory over the previous 2-year period, there were 322 (3.2%) with evidence of a paraproteinemic-related disease (Table 1) . Among these were 13 cases with isolated light chain proximal tubulopathy including 10 with no evidence of intracytoplasmic crystals and three with intracytoplasmic crystal formation. As per the inclusion criteria, the light chain restriction on immunofluorescence microscopy was limited to the proximal tubular cytoplasm in each case.
The clinical findings of the 13 patients with light chain proximal tubulopathy are summarized in Table 2 . The indication for biopsy in patients with light chain proximal tubulopathy without crystals was isolated proteinuria (4/10) and progressive renal insufficiency with proteinuria (6/10). Only three patients had a known plasma cell dyscrasia at the time of biopsy. But all patients were found to have a free-light chain in their urine and/or serum, which matched with that seen in the proximal tubular cytoplasm after the biopsy results were known. There were a total of nine patients, in which the biopsy showed light chain proximal tubulopathy without crystals who were available for follow-up. Among these patients, 9/9 had or were found to have a plasma cell dyscrasia with 8/9 showing multiple myeloma. Five of the nine patients with light chain proximal tubulopathy without crystal formation were found to have no evidence of Fanconi syndrome, and the remaining four were not evaluated for the presence of a Fanconi syndrome.
The biopsies had from 11 to 42 glomeruli per sample with an average of 25. The proximal tubular findings by light and electron microscopy are detailed in Table 3 . Seven of the 10 biopsies that had light chain proximal tubulopathy without crystal formation had nonspecific evidence of acute tubular injury within the proximal tubules (detailed in Table 3 and Figure 1 ). In the remaining three cases, there were no significant changes within the proximal tubules by light and electron microscopy. The immunofluorescence findings were limited to the presence of light chain restriction in the cytoplasm of tubules located only in the renal cortex in all cases except patient 11, who had a concurrent membranous glomerulopathy, which showed the typical presence of granular IgG deposits along the glomerular basement membranes. The glomeruli were unremarkable in the remaining cases without evidence of either immunoglobulin deposition or foot process effacement. Patient 8 had a follow-up biopsy at 13 months after the original that showed almost identical findings without significant progression of disease. One of the cases with crystals did not show staining of the crystalline deposits after routine IF. However, it showed l restriction after pronase digestion on paraffin-embedded material by immunofluorescence.
Discussion
We present 13 new cases of light chain proximal tubulopathy including 10 cases without crystal formation and describe the morphological findings and clinical significance of this entity. Light chain proximal tubulopathy without crystal formation was found to be over three times more prevalent in our series than the more commonly described light chain proximal tubulopathy with crystal formation. In our study, light chain proximal tubulopathy is the most likely cause of the renal dysfunction that led to the biopsy in each case. Regardless of the pathogenecity, it is clear that this morphological finding on renal biopsy is clinically significant. All patients available for follow-up had a plasma cell dyscrasia and the vast majority were subsequently found to have multiple myeloma despite the fact that only one third of them had a known history of plasma cell dyscrasia at the time of biopsy. This study underscores the importance of careful interpretation of the k and l immunofluorescence stains on renal biopsy, as subtle findings such as these, can have significant clinical impact. The pathogenic nature of a given free-light chain is inherent to the light chain structure itself. Solomon 6 demonstrated that mice injected with human free-light chains developed renal lesions similar to those seen in the kidney biopsy samples of the patient they were taken from in most cases. 6 Several unique biochemical properties of light chains from patients with light chain proximal tubulopathy with crystal formation have been demonstrated that explain the morphological lesions seen on biopsy. The variable domain of these light chains shows resistance to proteolysis by the tubular lysosomal enzymes pepsin and cathepsin B, whereas the light chains from patients with LCCN and control patients are fully digested by these enzymes. 7 Additionally, this protease-resistant variable domain has been shown to spontaneously form crystals in vitro that are morphologically similar to those seen in the tubular cytoplasm. 8 A logical sequence of events leading to the formation of crystals within the tubular cytoplasm can be summarized as follows. First, the free-light chains pass through the glomerular basement membranes and undergo endocytosis by the proximal tubular epithelial cells. Following endocytosis, the variable region of the light chain resists degradation and accumulates within the lysosome where it undergoes spontaneous crystallization. The lack of tubular casts could possibly be explained by the fact that these crystal-forming light chains, unlike free-light chains from most patients with LCCN, have a relatively low affinity for Tamm Horsfall protein, 7,9,10 which results in a lower propensity to form casts in the distal tubules.
The l predominance seen in the cases of light chain proximal tubulopathy without crystal formation suggest that the light chains involved in this entity might also possess some unique characteristics leading to the findings seen on renal biopsy. It is possible that these light chains also possess resistance to degradation by lysosomal enzymes but lack the ability to spontaneously crystallize. This would explain the apparent build-up of light chains in the proximal tubule cells without crystal formation. The lack of casts in these cases suggests that the light chains have a relatively low affinity for Tamm Horsfall protein, and the absence of amyloidosis suggests that these light chains are not particularly amyloidogenic. Another possibility is that these findings represent the early stages of disease in which the intra-tubular and/or cytoplasmic crystals have not yet fully developed. The presence of a 13-month follow-up biopsy in one patient, which showed identical findings, makes this less likely. Additionally, the striking l predominance would be atypical for cases with crystal formation and/or casts.
The question also arises whether these light chains are pathogenic to the renal tubules or simply an incidental finding in patients with a plasma cell dyscrasia. Free-light chains are normally filtered through the glomerulus and the majority are reabsorbed by the proximal tubules where they undergo degradation within the lysosomes. 11, 12 Therefore, it is possible that the findings in this entity represent nothing more than a normal physiological process in a patient with excess free-light chains. Although we recognize this possibility we believe that, in most cases, the light chains are pathogenic to the tubules given the presence of an elevated serum creatinine in the majority of patients. Additionally, most of the biopsies showed morphological evidence of tubular injury without other significant predisposing factors. The suggestion that these light chains are pathogenic despite the lack of crystal formation is not without evidence in the literature, as the tubulopathic nature of free-light chains has been shown in multiple studies. One study examined the proximal tubular findings in patients with monotypic light chains compared with a group of patients with nonspecific proteinuria. 13 None of the patients in this study showed evidence of crystal or cast formation. They found that the presence of monotypic light chains was associated with significantly increased cell damage and necrosis compared with patients without excess light chains in the urine. This same group found that human free-light chains and not albumin were toxic to rat proximal convoluted tubules.
14 In vitro, free LCs and not human serum albumin were shown to lead to production of inflammatory cytokines in cultured human proximal tubule cells. 12 Additionally, some patients with a plasma cell dyscrasia and clear evidence of proximal tubule injury leading to Fanconi syndrome show neither crystal formation in the proximal tubules nor casts in the distal tubules. 4 These studies strongly suggest that the presence of excess free-light chains is sufficient to cause injury to renal proximal tubular cells whether or not crystals develop in the proximal tubular cytoplasm.
The findings in light chain proximal tubulopathy are frequently subtle in nature. In most cases, the clinical history available at the time of biopsy will not include any information that heightens the index of suspicion for a paraproteinemic-related renal disease. If this proximal tubule light-chain restriction on immunofluorescence microscopy is not detected, it could delay the clinical diagnosis of the underlying plasma cell dyscrasia. This is true in cases with and without crystal formation. Although most cases of light chain proximal tubulopathy with crystals show florid intracytoplasmic deposition, some cases show very sparse crystal formation. In these cases we have found the trichrome and H&E stains to be most useful for detecting the crystals on light microscopy as the crystals are brightly fuchsinophilic on trichrome and strongly eosinophilic on H&E. The crystals are also easily seen on Toluidine blue stained EM thick sections. However, the crystals are negative by PAS (Figure 2 ). Compounding the difficulty in these cases is the fact that the crystals occasionally do not stain for k or l on routine immunofluorescence. Some have suggested the use of immunoelectron microscopy in these cases to increase the sensitivity of detecting light chain restriction. 15 Although an elegant technique, we have found this to be unnecessary considering direct immunofluorescence performed on the paraffin-embedded tissue after pronase digestion, as well as routine immunoperoxidase, both reveal the light chain restriction in these cases. [16] [17] [18] The most likely explanation for the increased sensitivity of these techniques over routine immunofluorescence lies in the addition of an antigen retrieval step. We found this to be true in one of the three cases of light chain proximal tubulopathy with crystals in this report (case 11). The cases without crystal formation can be even more subtle than those with crystals as there are no specific findings on light or electron microscopy to raise suspicion for a light chain-related disorder, and the only significant finding is the light chain restriction seen on immunofluorescence.
We are aware of a total of 56 cases with morphological evidence of light chain proximal tubulopathy reported in the literature. [4] [5] [6] [7] [8] 15, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] In these cases, 53/56 showed the presence of intracytoplasmic crystals in the proximal tubular cells and 37/40 proved to be of the k subtype. The three previous cases without crystal formation were all reported by Kapur et al 5 in one paper. All three cases were associated with a plasma cell dyscrasia that was unrecognized before the renal biopsy in two of three cases. All three were relatively unremarkable by light and electron microscopy and two of three cases were of the l subtype. Immunoelectron microscopy was performed in two of these cases and both showed light chain restriction within the lysosomes.
Kapur et al 5 proposed maintaining the term light chain proximal tubulopathy for these cases without crystals rather than splitting them into a new diagnostic entity. We agree that these cases are best considered as a form of light chain proximal tubulopathy. However, the emphasis on crystal formation in this entity in the literature is difficult to explain, given the fact that light chain proximal tubulopathy without crystals is over three times more common in our material. This leads us to believe that cases without crystal formation are under-recognized. A missed diagnosis of light chain proximal tubulopathy without crystals would be a considerable error given the significance of the entity in our study.
Disclosure/conflict of interest
The authors declare no conflict of interest.
